The family of intermetallic cubic compounds with the acentric cubic B20 structure has been a laboratory of intriguing properties. The chiral helimagnets MnSi and FeGe, and the anomalous paramagnet FeSi have been extensively investigated for a long time in fundamental studies on magnetism, transport, and quantum phase transitions [1] [2] [3] . B20 metals show long-period helical structures, and vortexlike spin textures or skyrmions [4, 5] , which can be controlled by an electric current, inducing a topological Hall effect (THE) with possible applications in spintronics [6, 7] .
Quantum phase transitions (QPTs) are of fundamental interest not only in solid state physics, but also in studies of critical phenomena, Bose-Einstein condensate or cold atoms. They occur at zero temperature by varying some control parameter such as pressure or chemical composition. B20 metals such as MnSi or FeGe provide textbook examples of pressure-induced QPTs. Pressure changes the electronic structure, inducing new effects when magnetism collapses. In MnSi, pressure greatly contributes to reveal its original magnetism by enhancing the stability of the skyrmion phase and the THE [8, 9] and inducing a QPT towards a non-Fermi liquid (NFL) state with partial magnetic order and slow dynamics. The low critical pressure (P C ∼ 1.4 GPa) enables a fine microscopic description of the NFL phase, emerging under pressure without true quantum criticality [3, 10] .
Germanides with a B20 structure have stronger ferromagnetic properties than the silicides [11, 12] , as required to exploit their chiral magnetism. MnGe shows the strongest ferromagnetism among the B20 metals [13] , together with giant THE and Nernst effects [14, 15] . These effects, still not fully explained, make MnGe a great candidate for spintronics applications. In this Rapid Communication, we show that applying very high pressures reveals a unique character of MnGe magnetism, namely, a two-step pressure-induced * isabelle.mirebeau@cea.fr collapse of the magnetic order. We attribute this anomalous sequence of quantum transitions to its peculiar band structure. The interplay of spin orbit coupling (SOC) and a quantum phase transition as found here for MnGe is also important in other fields of physics, such as spinor Bose condensation in cold atomic gases [16] , where artificial gauge fields mimic the SOC perturbation.
MnGe was studied only recently due to its difficult synthesis. Its ordering temperature T N = 170(5) K and ordered Mn moment of about 2μ B [14, 17] are well above the values in MnSi (29 K and 0.4μ B ). The chiral order coincides with a small structural distortion [17] . The incommensurate wave vector k = (0,0,ζ ) parallel to a (001) axis levels off at a value of 0.167 below 30 K. It corresponds to the shortest helix pitch in the B20 series (29Å instead of 180Å in MnSi or 700Å in FeGe). A skyrmion lattice state was postulated based on resistivity and small angle neutron scattering on powder samples [14, 18] , but remains to be firmly established. High pressure experiments still need to be conducted, but ab initio calculations have predicted the band structure to evolve under pressure from strong band ferromagnetism via a half-metallic state towards a collapse of spin polarization [19] . Experimental tests of this prediction are difficult, as the expected pressure range is above 10 GPa. Our study of MnGe under pressure combines susceptibility, resistivity up to 5.6 GPa, and neutron diffraction up 10.1 GPa, allowing a microscopic characterization of the evolution of magnetism. The pressure phase diagram shows a magnetic transition around 6 GPa, and the chiral order persists with a low ordered Mn moment above 10 GPa. Refined ab initio calculations identify the first transition as the result of a pressure-induced high-spin (HS) to low-spin (LS) transition. We associate this very peculiar QPT with the onset of an intermediate fluctuating magnetoelastic state, specific to MnGe.
Polycrystalline MnGe was synthesized and the magnetic susceptibility and electric resistivity were measured [see the Supplemental Material (SM) [20] ]. At ambient pressure the ac susceptibility shows a broad peak around another weaker anomaly at a lower temperature, T C = 40(3) K [ Fig. 1(a) ]. Under pressure, the upper peak shifts down and transforms into a broad asymmetric bump. Concomitantly the weaker anomaly at T C transforms into a pronounced peak and its position shifts downwards. At 5.64 GPa the peak intensities and positions of both peaks decrease and the upper transition becomes ill defined. The transition at T C coincides with a saturation of the helix pitch (see the SM) and with irreversibilities of the magnetization depending on cooling conditions [21] . Both transitions are revealed by broad peak line shapes, suggesting crossover regions in the phase diagram. The lower transition at T C likely reflects a blocking of helical domain motion when the modulation pitch tends to lock in. No anomaly was observed at T N or T C in the specific heat, which agrees with broad crossover regions around T N and T C .
At ambient pressure, the resistivity shows standard metallic behavior [ Fig. 1(b) ], saturating at low temperature, as expected by defect scattering of the electrons. A weak anomaly is observed around T N . More importantly, the temperature dependence of the resistivity shows an upturn at T M < T C < T N in the pressure range 2-5.6 GPa [see the inset of Fig. 1(b) ]. This suggests a remarkable change in the band structure associated with a weak localization below T M and is a precursor to a more profound change at higher pressure. The phase diagram deduced from the susceptibility and resistivity is discussed below in comparison with neutron data. We performed two sets of high pressure neutron diffraction experiments on D20 and G6.1 diffractometers, respectively (see the SM). A typical pattern measured on D20 at 20 K and 4.3 GPa is shown in Fig. 2 . The magnetic pattern was obtained by subtracting a pattern well above T N (typically 190 K at 1.9 and 4.3 GPa, 130 K at 6.6 GPa, and 80 K for the highest pressures to keep the same background conditions). The intense zero satellite with a strong asymmetric shape is clearly seen at low angles. Its position and intensity (calibrated to that of the nuclear peaks) are directly related to the helix pitch and ordered Mn moment, respectively. We refined the MnGe crystal phase in the P 2 1 3 cubic space group, and assumed the same type of magnetic order as at ambient pressure (see the details in the SM). The zero satellite is indexed with an incommensurate wave vector k = (0,0,ζ ) in a reciprocal lattice unit, where the helix pitch = a/ζ . We focus here on its pressure dependence at low temperature. Figure 3 shows the evolution of the ground-state ordered moment and helix pitch. At low temperature, the satellite width is limited by the instrumental resolution, which means that long range ordered (LRO) helical domains are stabilized with a typical size above 1000Å. With increasing pressure, a substantial change of the helix pitch from the ground-state value 29Å at ambient pressure to a shorter pitch of 19Å under pressure is found along with a substantial reduction of the ordered Mn moment under pressure, where it saturates for p > 6 GPa to a reduced value of about 0.7μ B .
We determine T N from the temperature dependence of the Mn moment deduced from the neutron data (see the SM). value of 3μ B that is expected for a Mn 4+ ion. With increasing pressure T N decreases linearly with a slope of −14 K/GPa, which is very similar to that of MnSi, extrapolating to zero around 13 GPa when the helical order is expected to collapse.
The particular behavior of MnGe can be construed based on the evolution of its magnetic ground state under compression, which we have investigated by density-functional theory (DFT) calculations (see the SM). A map of the ground-state energy versus lattice constant a and spin moment s was built using the fixed-spin technique. Figure 5(b) shows that a transition may occur from a HS state with a larger volume to a LS state with a reduced volume. The energy has a double-well shape and the metastable LS state can be reached by small (thermal) energies and/or compression. The theoretical bandstructure results have been refined by considering the effect of long-period spin fluctuations [22] . We employ a simple method to consider the spin fluctuation in the DFT approach [23] . In order to represent the band structure with a reduced magnetic moment, the exchange-correlation (XC) potential is rescaled by a single reduction factor ξ , which is specific for a particular state of a magnetic or paramagnetic system, and incorporates empirical information. Here, we used the measured magnetic moments in the HS and LS states [24] to improve the bare DFT results. A radical reorganization of the spin-polarized band structure is apparent between these two spin states, as shown in Fig. 5(a) . The effect of SOC on the band structure is overall small. Hence, the HS-to-LS transition with volume reduction is a robust feature of the spin structure in MnGe and does not rely on the spin-relativistic effects. But in the HS state marked modifications appear: The small gap in the occupied part of the spin-majority band is smeared out and a van Hove-like singularity very close to the Fermi level is weakened. These modifications imply substantial differences in the DM exchange in the two different states, apart from their different spin moments. Calculating the cohesive properties under pressure, we find that the HS state is destabilized at a critical pressure, close to P C 6 GPa, and will be replaced by the LS state. Figure 5 (d) compares the theoretical equation of state (EOS) to the experimental one deduced from the D20 experiment at room temperature. The DFT calculations underestimate the equilibrium volume of the lattice cell in the HS state by about 2%, which is within the usual accuracy of the method. The model predicts a further volume collapse by about 2% between the HS and LS state, which is not seen on the experimental EOS at 300 K, or on our low temperature data points, but we note that the experimental EOS lies in between the two theoretical ones. This could be related to the detailed nature of the quantum transition, as discussed below. The experimental pressure dependence of the ordered Mn moment agrees quite well with the calculation [Fig. 5(c) ] [24] . Especially, there is a good quantitative match of the critical pressure calculated for the HS-to-LS transition with the experimental value, situated around 6 GPa.
The pressure-temperature phase diagram in MnGe contrasts with those in MnSi [26] and FeGe [27] , showing QPTs at critical pressures of 1.4 and 19 GPa, respectively. In MnSi, the QPT is of first order and magnetic moments persist in the NFL region just above the critical pressure (up to 2 GPa). In FeGe, the collapse of spin polarization at very high pressure seems to be associated with a nearby insulating state [28] . In MnGe, the LS phase characterized by low constant Mn moments in a large pressure range above P C is specific to this compound. As the direct exchange and the Dzyaloshinskii-Moriya (DM) interaction originate in the same electronic structure, if the band structure remains essentially unchanged, the ratio of these two couplings, determining the helix pitch, should remain almost constant with temperature and pressure, as observed in MnSi and FeGe. However, in MnGe the helix pitch does not only show a very marked temperature and pressure dependence, it is also uncommonly short (about 30Å as compared with about 180Å in MnSi and 700Å in FeGe), indicating a much stronger effect of the DM interaction than in other B20 magnets. The spin structure in MnGe is canted even over the lattice length scale, so that additional competing exchange couplings become relevant, recalling that different Mn-Mn distances exist in the cubic cell. The ferromagnetic collinear order is frustrated and the helical twisting should depend both on the DM tensor and the competing neighbor exchange couplings in a subtle way, related to different orientations of the DM vector for different bonds [29] . The changes of the pitch may be caused both by the HS-to-LS transition and by variations of the competing magnetic interactions induced, as shown in other helical magnets [30, 31] .
According to the DFT results, the pressure-temperature phase diagram of MnGe should be governed by a discontinuous transition between the HS and LS states. We clearly observed two spin states in the phase diagram. The pressure-temperature phase diagram, thus, should be ruled either by an isolated critical point at zero temperature, or by a first-order line terminated by a critical end point (CEP) at nonzero temperature. This first-order line could be searched by x-ray diffraction under high pressure and very low temperature. There is no evidence for a first-order structural transition in our neutron data. When atomic mobility allows it, a HS-to-LS transition may result in chemical phase segregation, as shown in Laves hydrides [32, 33] . In MnGe, owing to necessary volume strain between the HS and LS state, a coexistence of these two states in spatially separated domains cannot be realized. Rather, an intermediate magnetoelastic state with strong spin fluctuations is expected, as in other metallic systems with a spin-state instability such as Invar alloys [34, 35] , and the spin-state transition takes place by a smooth crossover.
